In zebrafish, the program for dorsal specification begins soon after fertilization. Dorsal determinants are localized initially to the vegetal pole, then transported to the blastoderm, where they are thought to activate the canonical Wnt pathway, which induces the expression of dorsal-specific genes. We identified a novel maternal-effect recessive mutation, tokkaebi (tkk), that affects formation of the dorsal axis. Severely ventralized phenotypes, including a lack of dorso-anterior structures, were seen in 5-100% of the embryos obtained from tkk homozygous transmitting females. tkk embryos displayed defects in the nuclear accumulation of b-catenin on the dorsal side, and reduced or absent expression of dorsal-specific genes. Mesoderm and endoderm formation outside the dorsal axis was not significantly affected. Injection of RNAs for activated b-catenin, dominant-negative forms of Axin1 and GSK3b, and wild-type Dvl3, into the tkk embryos suppressed the ventralized phenotypes and/or dorsalized the embryos, and restored or induced an ectopic and expanded expression of bozozok/dharma and goosecoid. However, dorsalization by wnt RNAs was affected in the tkk embryos. Inhibition of cytoplasmic calcium release elicited an ectopic and expanded expression of chordin in the wild-type, but did not restore chordin expression efficiently in the tkk embryos. These data indicate that the tkk gene product functions upstream of or parallel to the b-catenin-degradation machinery to control the stability of b-catenin. The tkk locus was mapped to chromosome 16. These data provide genetic evidence that the maternally derived canonical Wnt pathway upstream of b-catenin is involved in dorsal axis formation in zebrafish.
Introduction
During early vertebrate development, the dorsal organizer (Spemann-Mangold organizer in amphibian embryos) plays an important role in dorsal -ventral axis formation (Gerhart et al., 1989; Hibi et al., 2002) . Although many molecules have been identified that function in the dorsal organizer, the mechanism that initiates the dorsal axis specification leading to dorsal organizer formation is not well understood. Specification of the dorsal axis begins soon after fertilization in amphibian and teleost embryos. In Xenopus, during the first cell cycle, the egg cortex rotates 308 in a direction determined by the sperm entry point in a process called 'cortical rotation'. During this process, parallel microtubule tracks are formed below the cortex, with their plus ends oriented toward the future dorsal side (Elinson and Rowning, 1988; Houliston and Elinson, 1991; Rowning et al., 1997) , and small particles, including organelles, are transported about 608 along the microtubule track (Rowning et al., 1997) . In zebrafish, the sperm enters at the animal pole. A microtubule array forms in the vegetal region of the yolk approximately 20 min after fertilization, and microtubule fibrils are detected in the equatorial region at the early cleavage period (Jesuthasan and Stahle, 1997) . Disruption of the microtubule array prior to the 32-cell stage leads to ventralization of the embryos and abrogation of the expression of dorsal-specific genes (Jesuthasan and Stahle, 1997) . Removal of the vegetal yolk mass at the early onecell stage results in embryos lacking all dorsal structure (Mizuno et al., 1999; Ober and Schulte-Merker, 1999) . These reports suggest that dorsal determinants are transported to the future dorsal side along a microtubule array prior to the 32-cell stage and activate a program for dorsal specification in zebrafish.
Although the molecular nature of the dorsal determinants remains unclear, accumulated evidence indicates the involvement of Wnt signaling in dorsal axis formation. Wnt signaling is categorized into two signaling pathways: the canonical and non-canonical pathways (reviewed in Huelsken and Birchmeier, 2001; Moon et al., 2002; Veeman et al., 2003) . In the canonical pathway, in the absence of Wnt ligands, the serine/threonine kinase GSK3 and b-catenin form a degradation complex with the scaffolding protein Axin1/2 and the tumor suppressor gene product APC, leading to phosphorylation of the amino-terminal region of b-catenin. Phosphorylated b-catenin is subject to ubiquitin-dependent degradation. Upon Wnt binding to the receptor consisting of Frizzled and lipoprotein receptor-related proteins 5 or 6 (LRP5/6), Dishevelled (Dsh) or Dsh-homologue Dvls suppresses the function of the degradation complex and inhibits the phosphorylation of b-catenin by a mechanism that may involve the GSK3-binding protein (GBP) . This leads to the stabilization of b-catenin, which enters the nucleus and forms a complex with the Tcf or Lef transcription factors. The non-canonical pathway leads to the upregulation of cytoplasmic Ca 2þ and/or the activation of small G proteins and JNK protein kinases. Activation of the canonical pathway by the overexpression of Wnts, GBP, Dishevelled, dominant-negative GSK3, dominant-negative Axin1, or b-catenin in Xenopus and/or zebrafish results in ectopic formation of the dorsal organizer or leads to secondary axis formation (Funayama et al., 1995; He et al., 1995; Hedgepeth et al., 1999; Kelly et al., 1995; Pierce and Kimelman, 1995; Sokol et al., 1991 Sokol et al., , 1995 Yost et al., 1998) . Inhibition of the canonical pathway by the overexpression of GSK3, Axin1, Axin2, mutant Tcf3, or the dominant repressor form of b-catenin, or by the depletion of GBP or b-catenin leads to defects in dorsal axis formation and a reduction in dorsal-specific gene expression in Xenopus and zebrafish embryos (He et al., 1995; Heasman et al., 1994; Itoh et al., 1998; Montross et al., 2000; Pelegri and Maischein, 1998; Pierce and Kimelman, 1995; Ryu et al., 2001; Shimizu et al., 2000; Yamamoto et al., 1998; Zeng et al., 1997) . These reports indicate that the dorsal determinants activate the canonical Wnt pathway at a certain point in the cascade. In zebrafish, the nuclear accumulation of b-catenin is observed as early as the 128-cell stage in dorsal blastomeres and at mid-blastula in the dorsal blastoderm and the dorsal yolk syncytial layer (Dougan et al., 2003; Schneider et al., 1996) . A complex of b-catenin and Tcf/ Lef is thought to regulate expression of the homeobox gene bozozok/dharma and the nodal-related gene squint (Dougan et al., 2003; Leung et al., 2003; Shimizu et al., 2000) , which function cooperatively in the formation of the dorsal organizer both non-cell-autonomously and cellautonomously (Fekany et al., 1999; Shimizu et al., 2000; Sirotkin et al., 2000; Yamanaka et al., 1998) .
It is still controversial at what points the canonical pathway is activated by the dorsal determinants in Xenopus and zebrafish embryos. While a mutant Dsh (Xdd1) inhibits Wnt8-dependent secondary axis formation, it has no effects on primary axis formation in Xenopus (Sokol, 1996) , suggesting that Dsh is not involved in the formation of the endogenous dorsal axis. However, Dsh was reported to move along the microtubule array from the vegetal region to the dorsal side during cortical rotation in Xenopus (Miller et al., 1999) . Overexpression of a dominant-negative Frizzled8b (Frizzled A) in zebrafish or depletion of Frizzled7 in Xenopus causes defects in the dorsal mesoderm (Nasevicius et al., 1998; Sumanas et al., 2000) , suggesting that the canonical signal is activated at the level of the receptor. In contrast to the canonical pathway, it was recently reported that the non-canonical pathway negatively regulates dorsal axis formation. In Xenopus embryos, activation of NF-AT, which functions downstream of the Ca 2þ signal, inhibits the formation of the dorsal axis, and suppression of NF-AT leads to ectopic axis formation (Saneyoshi et al., 2002) . In zebrafish, inhibition of the cytoplasmic Ca 2þ release by chemical compounds or genetic ablation of maternally provided Wnt5, which is a Wnt ligand for the non-canonical pathway, leads to the formation of an ectopic organizer and hyperdorsalization (Westfall et al., 2003a,b) .
Although there are extensive reports indicating the involvement of the canonical Wnt pathway in dorsal axis formation, the evidence is drawn from the injection of RNA or an antisense oligonucleotide in most studies, and there is only one report providing genetic evidence for this in zebrafish. The recessive maternal-effect zebrafish mutant, ichabod, displays defects in the dorsal organizer and severe ventralization (Kelly et al., 2000) . Nuclear accumulation of b-catenin is not observed in ichabod mutant embryos. Injection of RNAs encoding components of the Wnt canonical pathway into ichabod embryos revealed that the ichabod gene product functions to ensure the nuclear localization of b-catenin, rather than to modulate the activity of the degradation complex. Here, we report the isolation of a novel recessive maternal-effect mutant, named tokkaebi (tkk), which displays defects in dorsal organizer formation and severe ventralization, similar to ichabod. We also found that the tkk gene product functions upstream of or parallel to the b-catenin-degradation complex in the canonical pathway. Our data provide genetic evidence that the upstream portion of the Wnt canonical pathway is involved in the initial dorsal specification.
Results

Isolation of the recessive maternal-effect ventralized mutant, tokkaebi (tkk)
When inbreeding mutant fish that were screened for the abnormal development of neural tissue (Artinger et al., 1999; Kim et al., 2000) , we found female fish that produced ventralized embryos at about 50% penetrance. These fish originated from ENU (N-ethyl-N-nitrosourea)-treated AB male fish, and the progeny were crossed with the wild-type TL fish. During several generations of inbreeding, we continuously found female fish that produced embryos with ventralized phenotypes, with variable penetrance and expressivity. We examined whether the ventralized phenotypes were caused by one or more genetic mutations, and if so, whether it was a maternal or zygotic mutant, or whether it was dominant or recessive. We also considered the effects of the genetic backgrounds and ages of the female fish. The breeding scheme is shown in Fig. 1A . We first crossed female fish (G0) that could produce ventralized embryos when crossed with their male siblings with wild-type TL Fig. 1 . tokkaebi (tkk) is a recessive maternal-effect mutation that affects dorsal axis formation. (A) Breeding scheme. tkk-transmitting female fish (G0) were crossed with TL (or AB) male fish to produce F1 fish. F1 fish were crossed within the family (four pairs were used) to obtain the F2 fish. F3 embryos were obtained by crossing the F2 female fish and wild-type males; the embryos were categorized into five classes (ventralized phenotype Classes 1-4 and normal wild-type morphology, C-I) by morphological inspection. Among 81 F2 female fish, 17 produced embryos, more than 50% of which displayed ventralized phenotypes. The number of F2 female fish that produced embryos with ventralized (tkk) and normal (wt) and India male fish. About 50% of the obtained embryos (F1) displayed variable ventralized phenotypes, irrespective of the genetic background of the male fish ( Fig. 1) , suggesting that this was a maternal-affect mutation or zygotic dominant mutation. The rest of the F1 fish survived and grew relatively normally. Four F1 pairs that were obtained from the cross with the TL male fish were intercrossed to generate F2 families. None of the F2 embryos displayed ventralized phenotypes, indicating that the mutation was recessive. F2 female fish were raised to maturity ðn ¼ 81Þ and crossed with wild-type males. In each family, about a quarter of the F2 female fish produced embryos that displayed ventralized phenotypes (Fig. 1B) . These data indicated that the genetic cause for the ventralized phenotypes is a recessive maternal-effect mutation. The mapping data further confirmed this hypothesis (described below). We named the mutation tokkaebi rk4 (tkk rk4 ) ('tokkaebi' is a goblin in Korean folklore with a single horn, and severe tkk mutants had a horn-like structure in the anterior region, as described below).
The ventralized phenotypes of the tkk embryos were categorized into five classes (ventralized phenotype Classes 1 -4 and normal, wild-type phenotype, Fig. 1C -H) . Class-1 embryos showed a completely ventralized phenotype at the pharyngula stage (Fig. 1D) , and had no dorsal or anterior structures, such as neuroectoderm, notochord, or trunk somites. These embryos had tail somites and an unidentified protruding structure in the anterior region. The Class-1 phenotype was very similar to that of embryos in which the vegetal yolk mass is removed at the early one-cell stage (Mizuno et al., 1999; Ober and Schulte-Merker, 1999) . The Class-2 phenotype was similar to that of Class 1, but less severe. These embryos had somites in the trunk region (Fig. 1E ). Class-3 embryos had somites and spinal cord in the trunk (Fig. 1F ). Class-4 embryos had somites, spinal cord, and hindbrain, but no notochord or neuroectoderm anterior to the midbrain (Fig. 1G,H ). Homozygous females (F2) from the cross with the TL males, produced F3 embryos of which 51.7 -100% displayed ventralized phenotypes. In one severe case, all the embryos displayed the Class 1 phenotype (Table 1) . Female F2 fish from the cross with the India males, produced F3 embryos of which only 5 -30% expressed a ventralized phenotype (Table 1) . When the transmitting female fish were older, the penetrance became lower and the phenotypes were milder (Table 2 ). These data indicate that, although tkk is a recessive maternal-effect mutation, the effects of the tkk mutation could be modified by the genetic background and age-dependent factor(s), as reported for certain zygotic mutations in zebrafish (Fekany et al., 1999; Imai et al., 2001) . To characterize the tkk mutants, hereafter we used young (3 -4-month old) transmitting homozygous female fish obtained from a cross with TL fish; more than 70% of the embryos produced by these females displayed a ventralized phenotype.
Reduction or lack of dorsal organizer formation in tokkaebi embryos
The phenotypes of the tkk embryos were similar to those of the maternal mutant ichabod, severe cases of the zygotic As shown in Fig. 1A , the original tkk transmitting female fish (G0) were crossed with TL or India wild-type males. Subsequently, the obtained homozygous F2 female fish (17 from the TL cross and 12 from the India cross) were crossed with wild-type males to generate F3 embryos. The F3 embryos were categorized into five classes ( Fig. 1C -I ) by morphological inspection and the numbers in each class are indicated as percentages. The numbers of F3 embryos are indicated. The average was calculated from the percentage obtained from each F2 parent female. The percentages obtained from F2 parents that produced ventralized embryos at the highest and lowest penetrance are also shown. A tkk-transmitting homozygous female was crossed with a wild-type male at the indicated period after the female's birth. The obtained embryos were classified and the numbers in each class are shown. The results from one typical example are shown in this table. Most of the tkk-transmitting females showed a similar time course in producing the ventralized phenotypes. mutant bozozok, and the zygotic double mutant bozozok;chordino (Fekany et al., 1999; Gonzalez et al., 2000; Kelly et al., 2000) , all of which display defects in organizer formation. The embryonic shield, which is the morphological indicator of the dorsal organizer, was not observed in the tkk embryos (Fig. 1I,J) . We next examined the expression of the dorsal-specific genes, bozozok/dharma (boz) and squint (sqt) (at the sphere stage), which function to induce the organizer; and goosecoid (gsc), chordin (chd), and dickkopf1 (dkk) (at the shield stage), which function in the organizer (Feldman et al., 1998; Hashimoto et al., 2000; Miller-Bertoglio et al., 1997; Rebagliati et al., 1998; Shimizu et al., 2000; Shinya et al., 2000; Sirotkin et al., 2000; Yamanaka et al., 1998) ; and the ventral-specific genes, bmp4 and eve1 (at the shield stage) (Joly et al., 1993; Nikaido et al., 1997) 
. The expression of boz, sqt, gsc, chd, and dkk1 was reduced or absent in the tkk embryos. In contrast to the dorsal-specific genes, the expression of bmp4 and eve1 was expanded into the dorsal side in the tkk embryos. These data indicate that the program for dorsal specification was perturbed in the tkk embryos, resulting in the dorsal expansion of the ventral fate.
We next examined whether germ layer formation was affected in the tkk embryos. Expression of the anterior neuroectoderm marker Otx2 was reduced or absent in the tkk embryos (Fig. 2I,I 0 ). This was likely owing to the loss of the organizer activity. We examined expression of the mesodermal markers no tail (ntl), spadetail (spt), and tbx6. Expression of ntl was reduced in the most dorsal blastoderm margin, but was not affected in the lateral and ventral margin at the shield stage in the tkk embryos (Fig. 2J,J 0 ). At the late gastrula period, ntl expression domain in the blastoderm margin was thicker in the tkk embryos than that in the wild-type embryos, but was not detected in the notochord (Fig. 2K,K 0 ). Expression of spt was not significantly affected at the shield stage in the tkk embryos (Fig. 2L,L 0 ). At the late gastrula period, the spt expression in the prechordal plate was absent, but the expression domain in the ventral and lateral blastoderm margin was not significantly affected and expanded to the notochord region in the tkk embryos, where spt was not expressed in the wild-type embryos (Fig. 2M,M 0 ). Expression of tbx6 was not affected in the ventral and lateral blastoderm margin, but expanded to the most dorsal side in the tkk embryos (Fig. 2N,N 0 ). These data indicate that the formation of the mesoderm outside the dorsal mesoderm was not significantly affected in the tkk embryos. Expression of the endoderm-specific genes casanova (cas) and sox17 (Kikuchi et al., 2001) was not affected in the endoderm, but was absent in the dorsal forerunner cells of the tkk embryos (Fig. 2O,O 0 ,P,P 0 ). Since the formation of the dorsal forerunner cells is controlled by the dorsal-specific genes bozozok/dharma and squint (Dougan et al., 2003; Fekany et al., 1999) , the loss of cas and sox17 expression in these cells was also likely to have been caused by defects in the dorsal specification. All these data indicate that the germ layer formation was not significantly affected, but the dorsal specification was specifically disturbed in the tkk embryos.
tkk embryos have a defect in the nuclear accumulation of b-catenin
The expression of bozozok/dharma is regulated directly by a complex composed of b-catenin and the HMG transcription factor TCF/Lef (Leung et al., 2003; Ryu et al., 2001) , and other dorsal-specific genes are also thought to be regulated directly or indirectly by b-catenin (Dougan et al., 2003; Hashimoto et al., 2000; Shimizu et al., 2000; Shinya et al., 2000) , suggesting that the accumulation of b-catenin on the dorsal side was likely to be perturbed in the tkk embryos. To address this issue, we examined the nuclear accumulation of b-catenin in the tkk embryos by immunohistochemistry. We observed nuclear-localized b-catenin in the dorsal blastomeres of wild-type embryos at 3.5 h postfertilization (hpf) (Fig. 3A) , as reported previously (Schneider et al., 1996) . The nuclear accumulation of b-catenin was abrogated in the tkk embryos (Fig. 3B) , indicating that signaling leading to the nuclear accumulation of b-catenin or b-catenin itself was affected in the tkk embryos.
Overexpression of cytoplasmic components of the Wnt canonical pathway suppressed tkk phenotypes
We first examined whether the tkk ventralized phenotypes could be suppressed by the overexpression of genes that are regulated by the complex of b-catenin and Tcf/Lef. Injection of boz RNA (5 pg) or sqt (5 pg) dorsalized the tkk embryos (Fig. 4A,B) , and rescued and induced the ventral expansion of gsc expression in the tkk embryos (Fig. 5P,R) , indicating that overexpression of either boz or sqt could induce dorsal axis specification in these mutants, at least in part. These data are consistent with the finding that overexpression of boz or sqt rescues the ventralized phenotypes of the ichabod mutant (Kelly et al., 2000) . Since b-catenin is the major target of the canonical Wnt pathway, we next examined whether overexpression of components of this pathway could rescue the dorsal specification and/or expression of dorsalspecific genes in the tkk embryos. Injection of RNAs for the active form of zebrafish b-catenin (400 pg), zebrafish dominant-negative GSK3b (300 pg), Xenopus dominantnegative Axin1 (GID2, which contains only the GSK3-interacting domain, 10 pg), zebrafish GBP (900 pg), and zebrafish Dvl3 (300 pg), suppressed the ventralized phenotypes and dorsalized the tkk embryos (Fig. 4C -G) . Injection of these RNAs also rescued and induced ventral expansion of the boz and gsc expression (Fig. 5) . In the canonical Wnt pathway, Dvl and GBP inhibit the phosphorylation of b-catenin by GSK3, which takes place on the scaffolding proteins Axin and APC (b-catenin-degradation complex). All of these data Expression of goosecoid (gsc, C,
, and tbx6 (N,N 0 ) at indicate that b-catenin was not affected in the tkk embryos, but rather, a signaling event upstream of or parallel to the b-catenin-degradation complex was affected in the tkk embryos.
Dorsalization by Wnt ligands and inhibition of calcium signaling is affected in the tkk embryos
We further examined whether Wnt or activation of the Wnt receptor could suppress the tkk phenotypes Injection of 12 pg wnt8 RNA dorsalized the wild-type embryos (Fig. 6S) and elicited expanded or ectopic expression of boz and gsc (Fig. 6A,C) , but did not suppress the tkk phenotypes or rescued (induce) the boz and gsc expression in the tkk embryos (Fig. 6B,D,M) . Injection of 50 pg wnt8 RNA strongly dorsalized the wild-type embryos and induced a circular expression of gsc (data not shown). Injection of 50 pg wnt8 RNA suppressed the ventralized phenotypes of a small population of the tkk embryos (Fig. 6N) , and restored the gsc expression at low penetrance (data not shown). Wnt3a was a more potent dorsalizing factor in our experimental condition, and injection of 12 pg of wnt3a RNA suppressed and dorsalized the tkk phenotypes (Fig. 6O) , and restored or elicited expanded or ectopic expression of gsc (data not shown). However, the dorsalizing effects of wnt3a on the tkk embryos were weaker than those on the wild-type embryos (Fig. 6O,S) . Injection of frizzled8b (1000 pg) dorsalized the wild-type embryos (Fig. 6S ), but did not suppressed the tkk phenotypes (Fig. 6P) or rescue the boz and gsc expression (Fig. 6F,H) . These data suggest that a signaling event downstream of the receptor activation was affected in these embryos.
We next inhibited calcium release from the ER by thapsigargin, a Ca 2þ -ATPase inhibitor (Thastrup et al., 1990; Thastrup et al., 1994) , that dorsalizes zebrafish embryos at a high penetrance (Westfall et al., 2003b) . Incubation of 32-to 64-cell-stage wild-type embryos with 5 or 10 mM thapsigargin led to dorsalization and the expanded expression of chordin (Fig. 6J,S) , as reported (Westfall et al., 2003b) . The same treatment of the tkk embryos weakly suppressed the ventralized phenotypes (Fig. 6Q,R) and induced weak expression of chordin at low penetrance, but the most treated embryos failed to express chordin properly (Fig. 6K,L) . Since intracellular calcium signaling is thought to inhibit the Wnt canonical pathway, our findings indicate that the tkk embryos had defects in the canonical Wnt pathway downstream of the point where calcium signaling modulates it.
The tkk locus is localized to chromosome 16
We mapped the tkk locus using F2 female fish obtained from a cross with wild-type India males at G0, and SSLP markers. We found that the tkk locus was localized to chromosome 16, close to the SSLP markers z1543, z6293, and z45043 (within 0.53 cM) (Fig. 7A) . GBP has been mapped close to this region. Since GBP is a component of the Wnt canonical pathway and overexpression of GBP suppressed the tkk phenotypes, we considered GBP to be a strong candidate for the gene affected in the tkk mutant genome. However, segregation analysis using a polymorphic marker in the 3 0 untranslated region (UTR) of the shield stage (6 hpf). Expression of Otx2 (I,
, and sox17 (P,P 0 ) at the 80% epiboly stage. Expression in the wildtype (A -P) and in the tkk embryos (A 0 -P 0 ). Lateral views, with dorsal to the right (A,
. Dorso-anterior views (I,I 0 ). GBP showed that the GBP gene was far away from the tkk locus. The nucleotide sequence of the GBP cDNA obtained from tkk embryos was identical to that from wild-type embryos (data not shown). The amount of the maternally deposited GBP transcripts was not significantly altered in the tkk embryos (Fig. 7B ). These data indicated that the gene affected in the tkk mutant was not GBP. . Ventralized phenotypes of tkk embryos are suppressed by activation of the canonical Wnt pathway and its targets. One-to two-cell-stage tkk embryos were injected (or remained uninjected: gray bars) with RNAs for Bozozok/Dharma (boz, 5 pg), Squint (sqt, 5 pg), the activated form of b-catenin (400 pg), dominant-negative GSK3b (300 pg), dominant-negative Axin1 (GID2, which contains the GSK3-binding domain, 10 pg), GBP (900 pg), and Dvl3 (300 pg) (red bars). The embryos were classified by morphological inspection at 24 hpf and the percentage of embryos in each class is indicated. D represents the percentage of embryos showing dorsalization. All of these injected RNAs suppressed the ventralized tkk phenotype and dorsalized the embryos. Injection of the same RNAs induced dorsalization in most wild-type embryos (data not shown). , dominant-negative GSK3b (dn-GSK3b, 300 pg), dominantnegative Axin1 (GID2, 10 pg), GBP (900 pg), or Dvl3 (300 pg). The embryos were fixed at the sphere stage (4 hpf) and shield stage (6 hpf), and stained with bozozok/dharma (boz) and goosecoid (gsc) probes, respectively. The embryos were fixed at the sphere (4 hpf, for boz) and shield (6 hpf, for gsc and chd) stage, and stained with the indicated probes. Animal pole views, with 3. Discussion 3.1. The maternal-effect mutation tkk affects dorsal specification in zebrafish tkk is a recessive maternal-effect mutation that affects dorsal specification (Fig. 1) . Compared with other maternal mutants reported in zebrafish (Dekens et al., 2003; Pelegri, 2003; Pelegri et al., 1999) , tkk-transmitting females produced phenotypic embryos at lower penetrance. Furthermore, penetrance of the ventralized phenotypes strongly depended on the genetic background and age of the tkktransmitting female fish. These data suggest that the tkk gene product (Tkk) is not an inevitable factor that regulates dorsal specification and other regulators, but that some additional factor or its activity is dependent on the genetic background and age of the parent female fish and supports or compensates for the function of Tkk in dorsal axis specification.
ichabod mutant embryos display strong ventralized phenotypes and defects in dorsal organizer formation, as the tkk mutant embryo did. However, inhibition of the bcatenin-degradation machinery in the canonical Wnt pathway does not restore the dorsal specification in ichabod embryos, suggesting that the ichabod gene product functions in the nuclear localization of b-catenin (Kelly et al., 2000) . In contrast, inhibition of the b-catenin degradation machinery rescued and induced an expanded or ectopic induction of the dorsal organizer in the tkk embryos. The ichabod locus maps to chromosome 19, whereas the tkk locus is localized to chromosome 16. All our data indicate that the tkk mutation is novel and different from ichabod, and that the gene products of tkk and ichabod function at different levels of the canonical Wnt pathway. Furthermore, our study of the tkk mutant provides genetic evidence for the involvement of the canonical Wnt pathway in dorsal axis specification.
Role of the tkk gene product in the canonical Wnt pathway
Nuclear accumulation of b-catenin in the dorsal blastomeres was abrogated in the tkk embryos. Overexpression of Dvl3, GBP, dominant-negative Axin1, and dominant-negative GSK3b rescued and/or induced hyperdorsalization and the expanded/ectopic expression of boz and gsc in the tkk embryos (Figs. 4 and 5) . In contrast, dorsalization by Wnt8, Wnt3a, or Frizzled8b (Frizzled A) was affected to some extent in the tkk embryos (Fig. 6 ). These data suggest that, in the canonical Wnt pathway, Tkk functions downstream of the Wnt receptor and upstream of b-catenin. It is likely that Tkk functions to regulate the b-catenin-degradation machinery (Fig. 7C) . In the b-catenin-degradation complex, Axin, APC, GSK3b, and Casein kinase I (CKI) function to promote the phosphorylation of b-catenin, which leads to its degradation. Therefore, loss-of-function-mutations in these genes should lead to dorsalization of the embryos or ectopic dorsal axis formation, as in axin1 and apc-mutant mice, which show a duplicated axis (Ishikawa et al., 2003; Zeng et al., 1997) . Gain-of-function mutations in these genes could produce ventralized phenotypes, but they should show dorsal to the left. The embryos were injected with wnt8 RNA (12 pg, M; 50 pg, N), wnt3a (12 pg), frizzled8b (1000 pg, P), or treated with 5 mM (Q) or 10 mM thapsigargin (R), were also grown until 24 hpf and classified by morphological inspection. The numbers of the embryos in each class are indicated as a percentage (%). Gray bars indicate the data for the uninjected control. (S) Percentage of embryos dorsalized by wnt8 RNA (12 and 50 pg), wnt3a (12pg), or frizzled8b RNA (1000 pg) injection, or thapsigargin treatment (5 and 10 mM). 12 pg of wnt8 RNA injection neither rescued the gsc and boz expression in the tkk embryos, nor dorsalized the tkk embryos. Injection of 50 pg wnt8 RNA rescued or dorsalized the tkk embryos but at lower penetrance and at lower expressivity, compared with the effect on the wild-type embryos. wnt3a RNA was a more potent dorsalizing factor which rescued and/or dorsalized the tkk embryos, but with less extent compared to the effect on the wild-type embryos. The treatment with 10 mM thapsigargin dorsalized the wild-type embryos and led to the circular expression of chordin in the wild-type embryos (J), and restored or elicited an expanded expression of chordin at low expressivity (K) or did not restore the chordin expression (L) in the tkk embryos. dominant inheritance. However, the tkk mutation showed recessive inheritance (Fig. 1) . Furthermore, Dvl3 and GBP, which function upstream of the degradation complex, suppressed the tkk phenotypes (Figs. 4 and 5) . This also argues against the idea that Tkk is a component of the b-catenin degradation complex. GBP is a GSK3-binding protein that inhibits the GSK3-mediated phosphorylation of b-catenin by preventing GSK3's binding to Axin (Farr et al., 2000; Salic et al., 2000) . GBP is expressed maternally in Xenopus and zebrafish, and the depletion of maternally deposited GBP leads to defects in dorsal axis formation in Xenopus (Sumoy et al., 1999; Yost et al., 1998) , indicating that GBP is required for dorsal specification. The overexpression of GBP in the tkk embryos suppressed the ventralized phenotypes and rescued the boz and gsc expression (Figs. 4 and 5) , and the GBP gene is localized to chromosome 16 (Fig. 7) , suggesting GBP as a candidate for the tkk gene. However, precise segregation analysis of GBP and the tkk locus, and sequence and expression analyses of GBP in the tkk embryos excluded this possibility. Dsh/Dvl proteins interact with Axin and recruit GBP to the degradation complex (Hino et al., 2003; Lee et al., 2001; Li et al., 1999; Salic et al., 2000) . CKIe is reported to enhance the interaction between Dvl and GBP (Hino et al., 2003; Lee et al., 2001) , although the role of CKI in the canonical Wnt pathway is still controversial (Amit et al., 2002; Liu et al., 2002; Polakis, 2002) . Tkk might be one of these molecules or function cooperatively with one or more of them. Alternatively, it is possible that Tkk functions downstream of the Wnt receptor and upstream of b-catenin in a manner independent of the b-catenindegradation machinery (Fig. 7C) .
Although the maternal tkk mutant had defects in the canonical Wnt pathway signal, the zygotic tkk mutant embryos did not have any morphological abnormality, indicating that Tkk is dispensable for Wnt signaling at later developmental stages. There are a few possible explanations for Tkk's role. First, Tkk could be a component (or modulator) of the canonical Wnt pathway that functions only in the primary dorsal specification during the maternal period (before zygotic transcription). Second, maternally provided Tkk might remain for a long period, i.e. until the gastrula or segmentation stages, sufficiently compensating for the loss of zygotic Tkk. Alternatively, zygotic gene(s) other than the tkk gene might compensate for the function of Tkk at later stages. Future studies using maternal and maternal zygotic tkk embryos might clarify this point.
The non-canonical Wnt pathway, particularly the Wnt/Ca 2þ pathway, has been shown to inhibit the canonical pathway in Xenopus and zebrafish (Slusarski et al., 1997; Torres et al., 1996) . Inhibition of the Wnt/Ca 2þ pathway by either pharmacological reagents such as thapsigargin or genetic ablation of the wnt5/pipe tail gene in zebrafish dorsalizes the embryos and induces an expanded/ectopic expression of dorsal-specific genes (Westfall et al., 2003a,b) .
The treatment of tkk embryos with thapsigargin weakly suppressed the tkk phenotypes and restored (induced) the chordin expression in the tkk embryos at low penetrance, but most of the thapsigaring-treated tkk embryos failed to express chordin (Fig. 6) . These data indicate that Tkk functions downstream of the point at which the Wnt/Ca 2þ pathway modulates the Wnt canonical pathway. It is reported that expression of a dominant-negative NF-AT, which functions downstream of the Wnt/Ca 2þ pathway, induces secondary axis formation in Xenopus; this effect is inhibited by the overexpression of GSK3 but not by a dominantnegative Dishevelled (Saneyoshi et al., 2002) , suggesting that NF-AT modulates the canonical Wnt pathway downstream of Dsh/Dvl and possibly at the point where the bcatenin degradation machinery functions. Although the point at which Tkk functions in the canonical pathway is slightly different from that at which NF-AT functions, Tkk may be involved in the Ca 2þ signaling-dependent modulation of the Wnt canonical pathway. Furthermore, we found that thapsigargin treatment upregulated chordin expression, but the same treatment only marginally upregulated the expression of boz, a direct target of the Wnt canonical pathway (Ryu et al., 2001) . Thus, the regulation of dorsal specification by the non-canonical Wnt pathway might not be simple.
Activation of canonical pathway by a large amount of wnt8 RNA, wnt3a RNA, and the treatment with high concentration of thapsigargin suppressed ventralized phenotypes of the tkk embryos (Fig. 6) . It is possibly owing to the partial penetrance of the tkk embryos. However, it is possible that Tkk does not simply function in the Wnt signal transduction cascade but rather functions to modulate the Wnt pathway.
Role of the tkk gene product in dorsal determination
Dorsal determinants are thought to be transported to the future dorsal side through a microtubule array during the early zygote stage. We found that microtubules formed normally during the early cleavage period in the tkk embryos (data not shown), suggesting that Tkk is not involved in the microtubule formation, but rather that it functions in the dorsal determinant-mediated activation of the Wnt canonical pathway. There are reports showing that Frizzled proteins are involved in the initial dorsal specification (Nasevicius et al., 1998; Sumanas et al., 2000) . However, overexpression of Dickkopf1, which strongly inhibits the canonical Wnt pathway by binding to LRP 5, 6 (Mao et al., 2001) , does not inhibit the dorsal specification , suggesting that the activation of the canonical Wnt pathway at the receptor level is not essential for dorsal specification. A Xenopus Dsh mutant Xdd1 inhibits Wnt8-mediated secondary axis formation but does not inhibit formation of the primary dorsal axis (Sokol, 1996) . The vegetal cortical cytoplasm (VCC) in Xenopus one-cell-stage embryos, which contains the dorsal determinants and can generate the secondary axis by transplantation, induces Xnr3 and Siamois, targets for the canonical Wnt pathway, in animal caps (Marikawa and Elinson, 1999; Marikawa et al., 1997) . The VCC's activity can be inhibited by Axin1 but not Xdd1 (Marikawa and Elinson, 1999) . These reports suggest that Dsh/Dvl is not involved in the dorsal determinant-mediated dorsal specification. Alternatively, Dsh/Dvl might transduce the dorsal determinant-mediated signaling in a manner different from the way it mediates ligand (Wnt8)-dependent signaling, which cannot be inhibited by Xdd1. Dsh is transported to the dorsal side through a microtubule array during cortical rotation (Miller et al., 1999) , supporting the latter possibility. In any case, it is likely that the dorsal determinants function to regulate the canonical pathway at a point similar to where Dsh/Dvl functions. Tkk seems to function at a point similar to where the dorsal determinants function. Identification of the tkk locus will lead to a better understanding the mechanism by which the dorsal program is initiated and might provide an important clue for identifying the dorsal determinants.
Experimental procedures
Isolation of tokkaebi and maintenance of fish
Fish and embryos were maintained essentially as described previously (Solnica-Krezel et al., 1994; Westerfield, 1995) . The wild-type zebrafish strains used were AB, TL, and India. The tkk mutant was incidentally isolated when breeding mutant fish that were generated in the course of ENU (N-ethyl-N-nitrosourea)-based mutagenesis and screened for neurogenic abnormalities (Artinger et al., 1999; Kim et al., 2000) . The tkk mutant fish (homozygotes and heterozygotes) were maintained by breeding either with TL (to examine the phenotypes) or India (for mapping) wild-type fish.
RNA injection and treatment with Thapsigargin
Capped RNAs for zebrafish Wnt8.1, zebrafish Frizzled A (Frizzled8b), zebrafish Dvl3, zebrafish GBP, Xenopus dominant-negative Axin1 (GID2), zebrafish dominantnegative GSK3b, the active form of zebrafish b-catenin, bozozok/dharma, and squint were synthesized as described previously and injection of these RNAs are reported to dorsalize the zebrafish embryos (Hedgepeth et al., 1999; Lekven et al., 2001; Nasevicius et al., 1998; Ryu et al., 2001; Shimizu et al., 2000; Yamanaka et al., 1998) . Zebrafish wnt3a cDNA was incidentally isolated by an expression cloning project and will be published elsewhere. The RNA was injected into one-or two-cell-stage wild-type and tkk mutant embryos as described (Yamanaka et al., 1998) . Thapsigargin treatment was performed as described previously (Westfall et al., 2003b) . Embryos at the 32-cell stage were incubated with 5 or 10 mM thapsigargin for 60 min and washed several times in embryonic medium (Westerfield, 1995) .
Whole-mount in situ hybridization and immunohistochemistry
Whole-mount in situ hybridization was performed principally as described previously (Jowett and Yan, 1996) . BM purple AP substrate (Roche) was used as the substrate for alkaline phosphatase. The following antisense riboprobes were generated as described: bozozok/dharma (Yamanaka et al., 1998) , goosecoid (Stachel et al., 1993) , squint (Rebagliati et al., 1998) , chordin (Miller-Bertoglio et al., 1997) , dickkopf1 , bmp4 (Nikaido et al., 1997) , Otx2 (Mori et al., 1994) , eve1 and ntl (Sagerstrom et al., 1996) , spt (Griffin et al., 1998) , tbx6 (Hug et al., 1997) and casanova and sox17 (Kikuchi et al., 2001) . To detect nuclear accumulation of b-catenin, embryos were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 4 h at 4 8C. The dechorionated embryos were washed with PBS, 0.1% Triton X-100 (PBS-T) five times, and with PBS, 0.1% Triton X-100, 1% DMSO (PBS-DT), and blocked with 5% bovine serum in PBS-DT for 1 h. The samples were incubated with anti-b-catenin antibodies (1/500 dilution, Sigma C2206) overnight at 4 8C, and washed four times with PBS-T. The samples were then incubated with secondary antibody (1/500 dilution, VEC-TASTIN ABC kit) for 6 h at room temperature and washed four times with PBS-T, followed by incubation with ABC complex (VECTASTIN) for 4 h at room temperature. After extensive washing with PBS-T, the immune complexes were visualized with diaminobenzidine (DAB, Sigma). Photographs were taken using an AxioPlan2 microscope and AxioCam (Zeiss). Figures were assembled using Adobe Photoshop, V7.0.
4.4.
Mapping of the tkk locus and exclusion of GBP as a tkk candidate tkk transmitting fishes initially contained both the AB and TL genetic background tkk homozygous female fish were crossed with wild-type India male fish to generate F1 embryos. From these matings, about 50% of the embryos displayed very weak ventralization or normal morphology, and survived to adulthood. The F1 survivors (heterozygotes) were inter-crossed to generate F2 fish. F2 females were raised and tested by crossing them with wild-type AB males. With this genetic background, embryos from homozygous females displayed ventralized phenotypes at a low penetrance (less than 30%). Therefore, we crossed F2 female fish and wildtype males multiple times, and the F2 females that produced embryos displaying tkk-associated ventralized phenotypes more than twice were identified as homozygous for the tkk mutation. DNA was prepared from the tail fin of the F2 homozygous female fish and used for linkage analysis with SSLP markers (Shimoda et al., 1999) . We used the PCR primers GBP1, 5 0 -AGATCAGGCAACGGGTCACA-3 0 , and GBP2, 5 0 -ACATGCATGTGGGTTTGATC-3 0 , as a polymorphic marker for the GBP gene (for the 3 0 untranslated region). To detect maternally deposited GBP transcripts, one-cell-stage tkk and wild-type embryos were harvested, and their RNA was isolated by Sepazol (Nacalai). cDNAs were prepared from 1 mg of total RNA using RevatraAce (Toyobo Inc.), and the GBP and b-tubulin cDNAs were amplified from 1/8 of the cDNA with the following primers: GBP3, 5 0 -ATTCATACAAAATGCCTTGTCGAAAGGAG-3 0 and GBP4, 5 0 -TCAGTCCACAGATTTGGGGAT-3 0 ;andTub1,5 0 -ACCAAG-CAAATAAGCAACAATGAGG-3 0 , and Tub2 5 0 -TGGAACA-GACTGGTTAATTTAAGCGA-3 0 , respectively. The PCR conditions for GBP and b-tubulin were 25 cycles of 94 8C 30 s, 58 8C 30 s, 72 8C 60 s; and 25 cycles of 94 8C 30 s, 58 8C 30 s, 72 8C 90 s, respectively.
